The petrogenesis and metal content of hornblende-rich xenoliths hosted in Laramide-age magmas at Santa Rita and Cerrillos, both in New Mexico (USA), were reconstructed by detailed petrographic studies and laser ablation inductively coupled plasma mass spectrometry analysis of minerals, melt inclusions and sulfide inclusions. The xenoliths from both locations record an evolution from clinopyroxene þ olivine þ phlogopite cumulates (1000-1100 C), through nearly pure hornblendites (920-1000 C), to hornblende þ plagioclase cumulates (830-950 C) and hornblende gabbros (850-910 C) that crystallized at a depth of 10-20 km. In contrast to cumulates formed by gravitational settling of phenocrysts from magmas, the abundant hornblendite lithologies seem to have formed by reaction of residual melts with previously crystallized clinopyroxene þ olivine þ phlogopite assemblages in a crystal mush environment. The mafic melts ( 47-53 wt % SiO 2 ) that produced the clinopyroxene þ olivine þ phlogopite cumulates were sulfide-undersaturated, whereas more evolved melts (>53 to 65 wt % SiO 2 ) were generally saturated in sulfides 6 anhydrite. The reactionreplacement hornblendites contained up to 0Á8 wt % magmatic sulfides, which occur mostly in the form of monosulfide solid solution containing 1-8 wt % Cu, 0Á1-2Á2 wt % Ni, 1-15 ppm Ag and 0Á1-1Á3 ppm Au, but rarely also in the form of intermediate solid solution containing up to 37 wt % Cu, 0Á5 wt % Ni, 1100 ppm Ag and 190 ppm Au. Quantitative modeling reproduces well the Cu evolution recorded in sulfide inclusions and melt inclusions in xenoliths and porphyry dikes at Santa Rita, with the Cu content of magmatic sulfides and silicate melts decreasing dramatically within a narrow melt SiO 2 interval of 55-58 wt % once sulfide saturation was reached, and then declining more gradually to $1Á5 log units lower values. These results suggest that the formation of hornblenderich lithologies during the ascent of primitive arc magmas through the crust should have a negative influence on the mineralization potential of the residual liquids (!55-60 wt % SiO 2 ), even if the magmas are relatively oxidized ($2 log units above the fayalite-magnetite-quartz fO 2 buffer). However, the same process also seems to be responsible for the characteristically high Sr/Y ratios of fertile magmas. The apparent contradiction may be solved if either significant amounts of mafic magma are involved in the formation of the upper crustal magma chambers beneath porphyry Cu 6 Mo 6 Au deposits or magma fertility does not depend primarily on metal content but rather on other factors.
INTRODUCTION
Porphyry Cu 6 Mo 6 Au mineralization is commonly associated with arc magmas that are characterized by relatively high oxidation states and high H 2 O contents (e.g. Richards, 2005 Richards, , 2015 . The influence of the metal content of magmas on their mineralization potential is hotly debated: many researchers infer that the mineralizing magmas were unusually metal-rich (e.g. Core et al., 2006; Stern et al., 2007; Timm et al., 2012) , whereas others claim that this is not necessarily the case but that they were unusually sulfur-rich or that unusually large magma chambers are required (Cline & Bodnar, 1991; Cloos, 2001; Halter et al., 2005; Richards, 2005 Richards, , 2015 Chiaradia & Caricchi, 2017; Zhang & Audé tat, 2017) .
The metal budget of arc magmas is difficult to constrain because most of them become saturated in sulfides at some stage in their evolution and because volatiles and metals are usually lost during magma solidification (Audé tat & Simon, 2012) . As sulfides strongly sequester chalcophile and siderophile elements (e.g. Cu, Au, and Ag), sulfide precipitation usually leads to severe metal depletion in the residual melt (Li & Audé tat, 2015) . Hence, the metal budget heavily depends on how much metal segregated into magmatic sulfides, and whether or not these sulfides are 'irretrievably lost' or may release the metals again at later stages (Wilkinson, 2013) . Some researchers (e.g. Keith et al., 1997; Halter et al., 2002 Halter et al., , 2005 Audé tat & Pettke, 2006) have proposed that magmatic sulfides in the upper crustal magma chambers beneath porphyry Cu deposits act merely as temporary storage media that neither reduce nor increase the mineralization potential of the magmas, whereas Mü ller et al. (2001) considered them as detrimental to the mineralization by sequestering ore metals that would no longer be available for subsequently exsolved fluids. Similarly, sulfide-bearing hornblende-rich cumulates in the lower crust can be taken as evidence for loss of metals and sulfur during the ascent of magmas to shallower levels, but they also can be regarded as an easily remobilizable source of metals during post-subduction magmatism and associated porphyry Cu 6 Mo 6 Au formation (Core et al., 2006; Richards, 2009 Richards, , 2011 Shafiei et al., 2009; Lee et al., 2012; Hou et al., 2015) .
In this study, detailed petrographic investigations and quantitative analyses of minerals, melt inclusions and sulfide inclusions were performed on clinopyroxene-to hornblende-rich xenoliths from two Laramideage magma systems at Santa Rita and Cerrillos, New Mexico, to constrain the petrogenesis and the ore metal content of the crustal cumulates. The results are used to gain insights into the behavior of ore-forming metals (especially Cu) during the ascent of arc magmas through the crust.
GEOLOGICAL BACKGROUND
The porphyry Cu deposits of Santa Rita and Cerrillos in New Mexico (Figs 1 and 2 ) belong to a suite of over 50 similar deposits that formed during the Laramide orogeny ($70-80 to 35-55 Ma; Barton, 1996) as a result of plate subduction along an Andean-type continental margin. These deposits occur in a belt located about 350-450 km landward of the reconstructed continental margin and show a close spatial and temporal relationship with andesitic to dacitic, calc-alkaline to alkaline volcanism (Titley, 1993) . Because Santa Rita and Cerrillos are situated far inland, they are among the youngest and consequently least eroded members of this suite, and they have been little affected by subsequent Basin-and-Range tectonics.
The Santa Rita porphyry Cu-Mo-Au deposit contains a total resource of 3030 Mt ore, grading at 0Á47 wt % Cu, 0Á008 wt % Mo, and 0Á06 g t -1 Au (Singer et al., 2005) . A summary of the general geology of Santa Rita has been given by Rose & Baltosser (1966) , whereas detailed petrological and geochemical information has been published by Jones et al. (1967) , Audé tat et al. (2004) , and Audé tat & Pettke (2006) . Recently, Mizer et al. (2015) reported 11 new laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) zircon U-Pb dates showing that most igneous rocks and the mineralization at Santa Rita formed between 57Á5 and 61Á0 Ma. According to Rose & Baltosser (1966) and Jones et al. (1967) , igneous activity in the region began in the late Cretaceous with the intrusion of dioritic to quartz dioritic sills into a Precambrian basement that was covered by an $1Á5 km thick sequence of Paleozoic to Mesozoic sedimentary rocks (Fig. 1) . Subsequently, basalticandesitic to andesitic magmas erupted on the surface and formed mafic dikes at depth, with both volcanic and intrusive rocks being exposed at the present erosion level of the North Star Basin in the northeastern part of the area. This event was followed by intrusion of granodioritic to quartz monzodioritic magmas in the form of stocks (Santa Rita and Hanover-Fierro) and genetically related dikes. Later magmatic activity is represented by dikes of rhyodacitic to rhyolitic composition. Most of the Cu mineralization occurred between the intrusion of the quartz monzodioritic magma and the formation of the rhyodacite dikes (Jones et al., 1967) . The zircon U-Pb data of Mizer et al. (2015) suggest a slightly different time sequence, with the intrusive gabbro plug in the North Star Basin being $13 Myr younger than the mineralization. The hornblende-diorite porphyry dike that hosts the xenoliths investigated in the present study truncates this gabbro plug, hence the rocks entrained in the form of xenoliths could have formed before, during or after the porphyry Cu-Mo-Au mineralization. However, based on the fact that the composition of melt inclusions in the xenoliths fit well on trends defined by the composition of Laramide whole-rocks and melt inclusions in ore-related porphyry dikes (see below) it is likely that the protoliths of the xenoliths also formed during the Laramide orogeny.
Igneous rocks in the Cerrillos area are part of an $50 km north-south-trending chain of contemporaneous andesite porphyry laccoliths and monzonite stocks (Fig. 2) , including the Ortiz mountains $15 km to the south and the intrusions at La Cienega $10 km north of the Cerrillos area (Disbrow & Stoll, 1957) . The Paleocene to Eocene sedimentary rocks at Cerrillos were intruded by quartz-bearing andesite porphyry laccoliths dated at 34Á3-35Á8 Ma by the 40 Ar/ 39 Ar method (Sauer, 1999; Maynard, 2014) . Remarkably, hornblenderich xenoliths of 2-10 cm in diameter commonly occur in these andesite porphyry laccoliths (Maynard, 2014) . The andesite porphyry was followed by stocks of augite monzonite, hornblende monzonite and latite porphyry with 40 Ar/ 39 Ar ages of 31Á7-33Á3 Ma. Volcanoclastic rocks in the northeastern part of the Cerrillos area with K/Ar ages of 25Á1-34Á6 Ma probably represent the extrusive equivalents of the intrusive rocks mentioned above (Disbrow & Stoll, 1957) . One of the hornblende monzonite stocks is associated with a small but well-developed porphyry Cu deposit (10 Mt ore at 0Á3 wt % Cu; McLemore, 1996) . Based on these age data the investigated xenoliths of Cerrillos (hosted in one of the quartzbearing andesite porphyry laccoliths) should have formed prior to the porphyry Cu mineralization. Again, the close similarity between the melt inclusion compositions in the xenoliths and Laramide-age whole-rocks in the area suggests that the protoliths of the xenoliths also formed during the Laramide orogeny.
METHODS
To constrain the behavior of metals and sulfur during magma crystallization, about a dozen xenoliths each from Santa Rita and Cerrillos were investigated. The sample locations are shown in Figs 1 and 2. From each sample, at least 1-2 polished sections of 100-150 mm thickness were prepared and examined with a standard petrographic microscope. Small mineral inclusions (e.g. anhydrite) that are difficult to identify optically were identified using a Horiba Scientific LabRAM HR800 Raman spectrometer equipped with a 632Á8 nm HeNe laser source. Special attention was paid to the occurrence of melt inclusions and sulfide inclusions, because the former can provide information on the composition of the silicate melts that formed the xenoliths, and the latter usually are the main carrier of metals and sulfur in the magmas. Modal abundances of magmatic sulfides were estimated following the method of Stavast et al. (2006) . Many sulfide grains in the studied samples were partly or fully altered to spongy Fe-oxides, which probably occurred during degassing of the magmas that transported the xenoliths (Larocque et al., 2000) . Therefore, spongy Feoxide blebs (some with minor remnant sulfides) were also counted as magmatic sulfides. The volume percentage of sulfides was determined by comparing the area of sulfides with the total area. The modal proportion of sulfides was estimated in several areas of $7 mm Â 11 mm size in the same sections using an image processing program (ImageJ). The uncertainties represent the 1r standard deviation of the values measured in different areas.
Melt inclusions, sulfide inclusions, and minerals were analyzed by LA-ICP-MS. The system utilized consists of a 193 nm ArF Excimer laser (GeolasPro system, Coherent, USA) attached to a quadrupole mass spectrometer (Elan DRC-e, Perkin Elmer, Canada). The sample chamber was flushed with He gas at a rate of 0Á4 l min -1 , to which 5 ml min -1 H 2 gas was added on the way to the ICP-MS system (Guillong & Heinrich, 2007 Bi, 232 Th and 238 U. Analyzed isotopes were measured using dwell times of 10-50 ms per isotope. The laser was operated at 5-10 Hz and an energy density of 3-10 J cm -2 on the sample surface, creating laser pits ranging from 10 to 80 mm in diameter. The ICP-MS system was tuned to a ThO rate of 0Á10 6 0Á05% and a rate of doubly charged Ca ions of 0Á25 6 0Á05% based on measurements of NIST SRM 610 glass.
Entire, unexposed melt inclusions were drilled out of the host mineral, and excess ablated host was subtracted numerically from the resulting LA-ICP-MS signals until constraints for the internal standard were matched (Halter et al., 2004; Pettke, 2006; see below) . External standardization was based on NIST SRM 610 glass (Jochum et al., 2011) . Internal standardization of melt inclusions hosted in apatite was based on SiO 2 vs CaO trends displayed by whole-rock data (the wholerock data for Santa Rita are mainly from stocks and porphyry dikes associated with Cu mineralization; Lindgren et al., 1910; Jones et al., 1967 ; the data for Cerrillos stem mostly from the Ortiz mountains and La Cienega areas; Sun & Baldwin, 1958; Maynard, 2014) , whereas for clinopyroxene-and plagioclase-hosted melt inclusions SiO 2 vs Al 2 O 3 and SiO 2 vs FeO tot whole-rock trends were used, respectively. In all cases, the sum of major element oxides was normalized to 100 wt %. Sulfide inclusions were quantified using a synthetic pyrrhotite (Laflamme Po724 SRM of the Memorial University of Newfoundland) as an external standard for Fe, S and Pd, and NIST SRM 610 for all the other elements, and then normalizing the sum of S, Fe, Co, Ni and Cu to 100 wt %. This approach was shown by Zhang & Audé tat (2017) Ar interference on the Pd concentrations measured in Cu-bearing sulfide inclusions was numerically subtracted according to this equation. Uncertainties associated with the analyses of sulfides and apatitehosted melt inclusions are generally 5-10%, except for elements close to the detection limit (Pettke, 2006; Zhang & Audé tat, 2017) . For melt inclusions hosted in clinopyroxene and plagioclase, the uncertainties tend to be distinctly higher ( 10-20%) owing to the sensitivity of the host correction to minor variations in mineral composition and potential diffusional exchange of elements beyond the original melt inclusion volume (e.g. Danyushevsky et al., 2000) . Analyses of Fe-Ti oxides were quantified based on a natural ilmenite collected by Tony Morse [sample KI-2193; the major element composition has been given by Janssen et al. (2010) ] and NIST SRM 610 glass (minor to trace elements) as external standards and then normalizing the sum of all major element oxides to 100 wt %. Silicate minerals were quantified using NIST SRM 610 glass as external standard and then normalizing the sum of all major element oxides to 94 wt % for phlogopite, 98 wt % for apatite, 98 wt % for hornblende, and 100 wt % for clinopyroxene and plagioclase, with the residuals corresponding to the typical volatile contents of these minerals. To test the accuracy of LA-ICP-MS for analyzing major elements (!1 wt %) in minerals, a set of common igneous minerals (six olivine, six clinopyroxene, four orthopyroxene, five plagioclase, six amphibole, three biotite, three apatite, one magnetite, and one ilmenite) was analyzed for Na, Mg, Al, Si, P, K, Ca, Ti, Mn and Fe by both LA-ICP-MS and electron microprobe analysis (EMPA). In addition, LA-ICP-MS analyses of almost endmember-type orthoclase and leucite were compared with theoretical compositions. In total, 160 major element concentrations (each representing the average of 2-7 individual measurements) could be compared. The results are provided in Supplementary Data Table  S1 and are summarized in Supplementary Data Fig. S1 (supplementary data are available for downloading at http://www.petrology.oxfordjournals.org). It is found that 70% of the values agree within better than 65%, and that 90% of the values agree within better than 68%. Most of the values that show less good agreement are K 2 O analyses of biotite and amphibole (Supplementary Data Fig. S1 ). However, LA-ICP-MS analyses on orthoclase and leucite (which were not analyzed by EPMA) agree well (within 1Á3% and 3Á2%, respectively) with the theoretical values, which means that the discrepant K 2 O values for biotite and amphibole may be caused by a problem on the EMPA side.
The following methods were applied to estimate the crystallization condition of the magmas that formed the xenoliths: (1) clinopyroxene-liquid thermobarometry (Putirka et al., 2003) ; (2) Ti-in-phlogopite thermometry (Righter & Carmichael, 1996) ; (3) Fe-Ti oxide oxybarometry (Ghiorso & Evans, 2008) ; (4) amphibole-liquid thermobarometry (Putirka, 2016) . The clinopyroxene-liquid thermobarometer is based on the composition of clinopyroxene and melt and is associated with an uncertainty of 1Á7 kbar and 33 C in P and T, respectively (Putirka et al., 2003) . Ti-in-phlogopite thermometry is based on the partitioning of TiO 2 between phlogopite and melt and provides 650 C precision (Righter & Carmichael, 1996) . Fe-Ti oxide oxybarometry was applied to magnetite-ilmenite pairs that passed the Mg/ Mn partitioning equilibrium test (Bacon & Hirschmann, 1988) . Recently, Ridolfi et al. (2010) and Ridolfi & Renzulli (2012) presented formulations to calculate temperature, pressure, and other parameters from the composition of amphibole alone, without knowing the melt composition. In principle, the compositional variation of amphibole is controlled by the following four mechanisms (Bachmann & Dungan, 2002) 
Experimental studies have demonstrated that the Al-Tschermak exchange is favored with increasing pressure (Johnson & Rutherford, 1989; Thomas & Ernst, 1990; Schmidt, 1992) . In contrast, temperature variations do not favor the Al-Tschermak exchange, but are marked by an increase in IV Al through the edenite and the Ti-Tschermak exchange (Spear, 1981; Blundy & Holland, 1990) . Therefore, amphibole composition indeed depends on both pressure and temperature. However, calculated pressures using the amphibole-only calibrations of Ridolfi et al. (2010) and Ridolfi & Renzulli (2012) have been shown to reflect dominantly variations in magma composition and/or crystallization temperature rather than crystallization pressure (Erdmann et al., 2014; Putirka, 2016) . The newly calibrated amphibole-liquid barometers of Putirka (2016) circumvent this problem by considering the composition of both amphibole and coexisting liquid, although relatively large uncertainties of 62-4 kbar still persist owing to the low sensitivity of amphibole composition to pressure. Compared with its use as a barometer, amphibole composition provides a rather precise thermometer with uncertainties of only 630 C based on several calibrations. All amphibole-related thermobarometric calculations in this study were performed with the spreadsheet of Putirka (2016) . If the differences in major element analysis in minerals by LA-ICP-MS relative to EMPA (see above) are considered, then: the temperatures obtained from the hornblende thermometer equation (5) of Putirka (2016) may be underestimated by up to 30 C; the temperatures obtained from the Ti-in-phlogopite thermometer of Righter & Carmichael (1996) may be overestimated by up to 10 C; the pressures obtained from the hornblende-liquid barometer equation (7b) of Putirka (2016) may be underestimated by up to 0Á5 kbar, the temperatures obtained from the clinopyroxene-liquid thermobarometer of Putirka et al. (2003) may be underestimated by up to 4 C and the corresponding pressures be underestimated by up to 0Á1 kbar; and there is no significant effect on the Fe-Ti oxide oxybarometry. In all cases, these uncertainties are smaller than the intrinsic uncertainties associated with the original calibrations.
RESULTS

Sample petrography
The investigated xenoliths from both locations measure 2-8 cm in diameter, have irregular shapes and show abrupt contact relationships with the dioritic/andesitic host magmas (Fig. 3) . Based on their mineralogical and textural characteristics, we divided the xenoliths into three groups (Table 1) : primary cumulates, reaction-replacement hornblendites, and hornblende gabbros. We define primary cumulates as rocks that formed predominantly by settling of minerals out of a magma. The term reaction-replacement hornblendite is used for rocks that consist mostly of hornblende (sensu lato) and seem to have formed by reaction-replacement of a precursory clinopyroxene (augite) 6 olivine 6 phlogopite assemblage in a crystal mush environment. The term hornblende gabbro is used for hornblende þ plagioclase-rich rocks that seem to have formed without significant involvement of crystal settling or reaction-replacement processes. The evidence for these interpretations will be discussed below.
Santa Rita
Two xenoliths (samples SR60 and SR58) from Santa Rita stand out by their large contents of clinopyroxene plus phlogopite, with SR60 additionally containing olivine. Although the phlogopite and olivine in these samples are almost completely replaced by secondary chlorite, carbonate and magnetite, their original nature can be still inferred from their shapes and internal texture. Olivine largely occurs as euhedral grains next to phlogopite in SR60. Magnetite is more abundant in SR60 than in SR58. Clinopyroxene, olivine, phlogopite and magnetite appear to have crystallized directly from a mafic melt, hence the samples seem to represent primary cumulates. However, both samples show partial reaction of the original mineral assemblage of clinopyroxene þ phlogopite 6 olivine to a hornblendedominated one. In SR60 this reaction occurred dominantly on the rim of the xenolith (Fig. 3a) , and the reaction products consist of hornblende plus lesser amounts of apatite and a white, interstitial 'matrix' composed of plagioclase, secondary carbonate plus other, unidentified minerals. The fact that the reaction occurred mostly on the rim of the xenolith suggests that it happened after entrainment of the xenolith in the host magma. In SR58 the reaction was more pervasive, with hornblende rimming clinopyroxene crystals throughout the sample (Supplementary Data Fig. S2a ). As in SR60 the relatively fine-grained hornblende rims enclose interstitial white masses composed of plagioclase, secondary carbonate plus other, unidentified minerals, suggesting that also here the reactionreplacement occurred after entrainment of the xenolith in the host magma.
In sample SR60 apatite occurs only in the hornblende-rich rim of the xenolith. In sample SR58, on the other hand, apatite occurs as inclusions within both hornblende and clinopyroxene, hence at least some apatite in this sample seems to be primary. Large melt inclusions exist in apatite of both samples. Clinopyroxene in SR60 also contains melt inclusions, but many of these melt inclusions occur on secondary or pseudosecondary trails. Sulfide inclusions were found only in hornblende in both samples.
All the other xenoliths at Santa Rita are dominated by hornblende. Sample SR61 contains subhedral to euhedral hornblende crystals set in a 25-50 vol. % plagioclase-rich 'matrix' and shows a conspicuous variation in the size of hornblende crystals and the proportion of 'matrix' across the sample, similar to sample Cer23 described below and depicted in Fig. 3h . These features suggest that the minerals in this sample crystallized in situ, with no evidence for reactionreplacement processes having occurred. The sample was thus classified as a hornblende gabbro. The other samples do not contain significant amounts of felsic matrix and consist of !60 vol. % equigranular hornblende (Fig. 3b) . The spatial distribution and optical orientation of small, irregular inclusions of clinopyroxene, phlogopite and magnetite in these samples suggest that these samples do not represent primary cumulates, but that at least some of the hornblende formed by replacement of a former mineral assemblage. The fact that spatially separated inclusions of clinopyroxene or phlogopite commonly have the same optical orientation ( Fig. 3c and d) provides clear evidence that previously larger grains of clinopyroxene or phlogopite were replaced by hornblende. These xenoliths are neither concentrically zoned, nor do they contain any white, interstitial masses, for which reason we interpret the rocks to have formed at depth before entrainment of the xenoliths in the present host magmas. The only hornblende-dominated sample that does not show evidence for replacement of clinopyroxene by hornblende and thus may represent a primary cumulate is sample SR36. The clinopyroxene grains in this sample are subhedral and normally zoned in terms of Mg/Fe ratios, with the rims seemingly being in equilibrium with the surrounding hornblende.
All hornblende-rich xenoliths contain variable amounts of magnetite 6 ilmenite and euhedral apatite crystals as inclusions in hornblende or along grain boundaries. As a minor Fe-Ti oxide, ilmenite coexists ol, olivine; cpx, clinopyroxene; phl, phlogopite; hbl, hornblende; mgt, magnetite; ilm, ilmenite; apa, apatite; plag, plagioclase; mtx, matrix; anh, anhydrite. DFMQ ¼ log units fO 2 relative to the fayalite-magnetite-quartz buffer.
1 Parentheses signify that the mineral was destroyed during subsolidus alteration.
2 Italic values signify that ilmenite is the dominant Fe-Ti oxide.
3
Italic values signify that the value refers to the volumetric proportion of white, interstitial 'matrix' composed of plagioclase, carbonate plus other, unidentified minerals.
4
Anhyrite occurring as inclusions in hornblende.
5
Values in parentheses represent minimum estimates because the strong alteration of these samples may have completely destroyed unshielded sulfides.
6
Number of mineral grains, or mineral grains/melt inclusions that were used for the calculation.
7
Temperatures calculated from the hornblende thermometer equation (5) of Putirka (2016) , except for the italic values, which are based on the Ti-in-phlogopite-liquid thermometer of Righter & Carmichael (1996) in SR58 and on the clinopyroxene-liquid thermobarometer of Putirka et al. (2003) in the other samples.
8
Pressures calculated from the hornblende-liquid barometer equation (7b) of Putirka (2016), except for italic values, which are based on the clinopyroxene-liquid thermobarometer of Putirka et al. (2003) .
9
Number of magnetite/ilmenite analyses used for the calculation.
with magnetite, and commonly shows sub-solidus exsolution texture. Melt inclusions are present in apatite of samples SR67, SR23, SR34, and SR36 ( Fig. 4a) , and also occur in clinopyroxene of sample SR36. Magmatic sulfides occur mainly in the form of inclusions in hornblende ( Fig. 4b and c) and apatite, or as altered, interstitial grains between these minerals. In samples SR34 and SR36 some sulfide inclusions occur also in clinopyroxene (only in the Mg-rich cores of zoned clinopyroxene of sample SR36). Sulfide inclusions that are completely surrounded by host mineral are generally fresh, whereas intergranular sulfides (and sulfide inclusions intersected by cracks) are partially to completely altered to fine-grained aggregates of magnetite/hematite 6 pyrite, similar to the ones shown in Fig. 4d . In samples SR23 and SR34 the original outline of altered sulfides is still clearly visible, hence the original abundance of magmatic sulfides in these samples could be reconstructed with high confidence (0Á59 6 0Á10 vol. % and 0Á56 6 0Á07 vol. %, respectively; Table 1 ). In the other samples, some of the altered sulfides may have dissolved completely, for which reason the listed volume percentages represent minimum values. Despite this uncertainty, sample SR36 seems to have contained distinctly less sulfides than samples SR23 and SR34. Two hornblende megacrysts (SR64 and SR66) measure 1-2 cm in length and show evidence for corrosion and subsequent recrystallization in the host magma (Supplementary Data Fig. S2b) . Sulfide inclusions are common in both megacrysts. 
Cerrillos
One xenolith from Cerrillos (sample Cer24) consists mostly of clinopyroxene plus lesser amounts of olivine, phlogopite, apatite, and magnetite, and shows replacement of these minerals by a hornblende-dominated mineral assemblage on its rim (Fig. 3e) . As in the clinopyroxene cumulate xenoliths from Santa Rita (samples SR58 and SR60), the formation of hornblende is spatially associated with a white, interstitial 'matrix', which is present also in the center of a small, hornblenderimmed vein cutting through the xenolith (Fig. 3e) . These relationships suggest that the association of hornblende with white, interstitial matrix is the result of reaction of the xenolith with the host magma. No melt inclusions were observed in this sample, but some sulfide inclusions and anhydrite inclusions were found in hornblende crystals in the reaction rim.
Three hornblende-rich xenoliths (i.e. samples Cer2A, Cer36 and Cer28) show evidence for replacement of clinopyroxene and/or phlogopite by hornblende 6 plagioclase, and they do not contain any interstitial white 'matrix', nor do they show any textural variation, for which reasons we classify them as reactionreplacement hornblendites. Samples Cer2A and Cer36 consist dominantly of equigranular hornblende crystals (80-90 vol. %), whereas sample Cer28 is composed mainly of hornblende (50-55 vol. %) and plagioclase (35-40 vol. %). These samples contain variable amounts of magnetite 6 ilmenite and trace amounts of apatite. Sulfide inclusions are common in samples Cer36 and Cer28, although many of them are partially to completely altered to fine-grained magnetite/hematite 6 pyrite aggregates. The original outline of altered sulfides is not well preserved hence the listed volume percentages represent minimum values. In sample Cer28 two contrasting types of magmatic sulfide inclusions were observed: (1) pyrrhotite-dominated sulfides (Fig. 4e) , the compositions of which are similar to those of sulfides present in the other samples; (2) rare, bornitedominated sulfide inclusions (Fig. 4f) . Few analyzable melt inclusions were found in these samples.
Four hornblende-rich xenoliths that show no evidence for reaction-replacement processes (samples Cer22, Cer29, Cer21, and Cer2B) seem to represent primary hornblende 6 plagioclase cumulates ( Fig. 3f and  g ). This is particularly true for sample Cer21, which contains 30-50 vol. % euhedral to subhedral plagioclase crystals ( Fig. 3g ), as this sample shows a distinct layering on hand-specimen scale, and because some hornblende and plagioclase crystals are compositionally zoned. Samples Cer22 and Cer29 contain neither plagioclase nor significant amounts of interstitial, white 'matrix', and they are texturally homogeneous (Fig. 3f) . Minor amounts of Fe-Ti oxides occur in these samples. The Fe-Ti oxides of sample Cer21 are dominated by ilmenite, whereas those in samples Cer22, Cer29 and Cer2B are composed mainly of magnetite. These samples contain variable amounts of magmatic sulfides (up to 0Á53 vol. %) that are mostly decomposed to finegrained aggregates of magnetite 6 pyrite. It should be noted that decomposed sulfides in the reaction rim of sample Cer21 look the same as decomposed sulfides further within the xenolith (Fig. 4d) , which suggests that the sulfides decomposed during or after the entrainment of the xenoliths in the current host magma, rather than before that stage. Samples Cer22, Cer29, and Cer21 contain abundant anhydrite inclusions that locally coexist with sulfides ( Supplementary Data Fig. S3 ). The only analyzable melt inclusions in these samples were found in plagioclase of sample Cer2B.
The remaining three hornblende-rich xenoliths (i.e. Cer23, Cer25, and Cer27) were classified as hornblende gabbros. Samples Cer23 and Cer27 contain euhedral hornblende crystals set in a white, plagioclase-rich 'matrix', similar to sample Cer24 described above. In sample Cer23 both the size of the hornblende crystals and the abundance of the interstitial, white 'matrix' varies across the xenolith, with the largest hornblende crystals flanking the largest mass of white matrix (Fig. 3h) . The texture of sample Cer27 (Supplementary Data Fig. S2c ) looks similar to the coarse-grained part of sample Cer23. A non-cumulate origin of this sample is indicated by the occurrence of thin pyrrhotite blades ( Fig. 4g ; most of them now replaced by secondary carbonate) that commonly extend through neighboring hornblende, plagioclase, apatite, and magnetite crystals (Supplementary Data Fig. S2c ). Such a texture can form only if the minerals grew in situ, and their large size compared with the minerals in the surrounding host magma suggests that they formed before the rock was mobilized by the host magma. Sample Cer25 is texturally very similar to the fine-grained parts of sample Cer23, indicating a similar origin. Abundant, large melt inclusions occur in apatite of samples Cer23 and Cer27 (Fig. 4h) .
Four hornblende megacrysts collected at Cerrillos (samples Cer26, Cer30, Cer31, and Cer32) measure 1-3 cm in size (Supplementary Data Fig. S2d ). Magmatic sulfides are common in all four megacrysts and occur dominantly in the form of 0Á5-5 mm long pyrrhotite blades (now commonly replaced by secondary carbonate) that cut across major portions of the crystals (Supplementary Data Fig. S2d ). The unusual habit of the sulfides suggests that these hornblende megacrysts, similar to the minerals in sample Cer27, did not grow in a normal magma, but rather in pegmatite-like segregations of hydrous, residual melt. Sample Cer31 additionally contains minor amounts of magnetite inclusions.
Composition of melt inclusions
Melt inclusions were analyzed without prior rehomogenization by LA-ICP-MS, using pit sizes that were slightly larger than the optically visible part of the inclusions to include material precipitated during sidewall crystallization. A representative LA-ICP-MS signal of a melt inclusion in apatite is shown in Fig. 5a . Original melt compositions were then calculated by subtracting the host until the results fit on whole-rock composition trends. For example, apatite-hosted melt inclusions were fitted to the SiO 2 vs CaO trend defined by wholerock analyses ( Fig. 6c and d) . The following sources of uncertainty are associated with this approach: (1) for elements that occur at similar or higher concentrations in the melt inclusion compared with the host, already slight differences in host composition between the spot where the host was analyzed and the spot where the inclusion was analyzed can result in large errors (easily 10-20% relative); (2) crystallized melt inclusions may have experienced irreversible compositional changes (the best-known example is Fe-loss from olivine-hosted melt inclusions; Danyushevsky et al., 2000) , which would lead to misfits with regard to whole-rock trends; (3) whole-rock composition may not follow liquid lines of descent if they include a significant cumulate fraction, if they formed via magma mixing, or if they experienced sub-solidus alteration. To minimize the effects of (1) and (2) we focused mostly on melt inclusions hosted in apatite ( Fig. 4a and h ), with only a few melt inclusions measured in clinopyroxene and plagioclase. We did not analyze melt inclusions hosted in hornblende, because their compositional similarity to the host leads to large uncertainties in the quantification. The results are listed in Table 2 and  Supplementary Data Table S2 , and are plotted together with whole-rock data in Fig. 6 . In the case of Santa Rita, melt inclusion compositions were also obtained from various porphyry dikes [some data were published by Audé tat & Pettke (2006); others were measured more recently; Supplementary Data Table S2 ] and were included for comparison. The major elements results from Santa Rita agree well with the trends defined by the whole-rock data ( Fig. 6 and Supplementary Data S4), except that apatitehosted melt inclusions tend to have somewhat lower FeO tot contents (Fig. 6a ) and most melt inclusions analyzed in both apatite and clinopyroxene contain distinctly more K 2 O than the whole-rocks (Fig. 6g) . The large scatter in CaO contents of clinopyroxene-hosted melt inclusions reflects the problem of imperfect host subtraction in the case of slight compositional variations in the host. The reason for the higher K 2 O contents is not known, but it is noted that a similar discrepancy was observed in a melt inclusion study at Bingham Canyon (Zhang & Audé tat, 2017) . Neglecting the mismatch in K 2 O contents, the overall good match in all other elements suggests that the cumulates are genetically related to the porphyry Cu-related magmas at Santa Rita. This is even more true if one considers the very similar trace element patterns in melt inclusions from the xenoliths and those analyzed in basaltic andesite to hornblende-diorite porphyry dikes (Supplementary  Data Table S2 ). Melt inclusions in clinopyroxene from sample SR60 can be classified into two types based on textural criteria. Some of them seem to be of primary origin because they are commonly large and randomly scattered throughout the clinopyroxene. These inclusions have relatively mafic compositions (53-54 wt % SiO 2 ; 9Á1-9Á2 wt % FeO tot ) similar to those hosted in apatite from sample SR58 (see below). The other type of melt inclusions is smaller and occurs on well-defined trails, suggesting a secondary (or pseudosecondary) origin. These latter melt inclusions have distinctly more evolved compositions (61-69 wt % SiO 2 ; 1Á3-5Á2 wt % FeO tot ), similar to those of apatite-hosted melt inclusions in the hornblende-rich reaction rim (Supplementary Data Table S2 ), hence they probably formed after entrainment of the xenolith in the host magma. The compositions of apatite-hosted melt inclusions in the other samples appear to follow a distinct fractionation trend that proceeds from sample SR58 (47-53 wt % SiO 2 , 3Á6-8Á5 wt % MgO, and 5Á5-8Á5 wt % FeO tot ), over sample SR67 (53-63 wt % SiO 2 , 1Á7-4Á6 wt % MgO, and 3Á1-6Á3 wt % FeO tot ), sample SR23 (53-63 wt % SiO 2 , 0Á1-3Á5 wt % MgO, and 1Á7-5Á4 wt % FeO tot ), and sample SR34 (62 wt % SiO 2 , 0Á8 wt % MgO, and 3Á9 wt % FeO tot ) to sample SR36 (63-66 wt % SiO 2 , 0Á3-1Á2 wt % MgO, and 3Á2-3Á8 wt % FeO tot ). The same trend is followed by the melt inclusions analyzed from various porphyry dikes. Three clinopyroxene-hosted melt inclusions analyzed from sample SR36 are compositionally similar to the apatite-hosted melt inclusions in the same sample. The fractionation trend is consistent with the generally decreasing Mg/Fe ratios of clinopyroxene from sample SR60 to samples SR34 and SR36 and of hornblende from sample SR67, over samples SR23 and SR34, to sample SR36. The Cu contents of the melt inclusions analyzed from the xenoliths are highly variable (8-1800 ppm) and do not show any systematic trends with mineralogy or melt SiO 2 contents, which suggests that they have been affected by postentrapment diffusion of Cu through the host mineral (Zhang & Audé tat, 2016 ). This appears even more likely if one considers that the xenoliths reside at high temperature over prolonged periods of time, as demonstrated by, for example, the formation of large, poikilitic hornblende crystals via reaction-replacement of previous mineral assemblages. In contrast, the Cu contents of melt inclusions analyzed from the various porphyry dikes are relatively well reproducible and follow a distinct trend of decreasing Cu content with increasing SiO 2 content (Audé tat & Pettke, 2006; see below) .
At Cerrillos, apatite-hosted melt inclusions were found only in two hornblende gabbros (samples Cer23 and Cer27); six plagioclase-hosted melt inclusions were measured in samples Cer2B and Cer27. The melt inclusion compositions fit with whole-rock data in terms of most major elements (Fig. 6 and Supplementary Data S4), although the former tend to contain less TiO 2 but more MnO. This may be related to the fact that the whole-rock data do not stem from the Cerrillos magmatic complex itself, but from the neighboring Ortiz mountains and La Cienega complexes of similar age and similar magma characteristics. The otherwise good match between melt inclusion compositions and whole-rock compositions suggests that the xenoliths are genetically related to the Cerrillos magma system. The apatitehosted melt inclusions cover a large range of compositions; that is, 49-66 wt % SiO 2 , 0Á2-7Á5 wt % MgO, and 0Á5-14Á7 wt % FeO tot in sample Cer23, and 46-68 wt % SiO 2 , 0Á4-7Á7 wt % MgO, and 1Á3-11Á4 wt % FeO tot in sample Cer27. Many apatite grains in these samples appear to contain irregular cores, hence it is viable that some melt inclusions were trapped earlier, and some during the crystallization of the dominant minerals (e.g. hornblende and plagioclase). This is supported by the fact that plagioclase-hosted melt inclusions in sample Cer27 have a rhyolitic composition (72-74 wt % SiO 2 , 0Á1-0Á3 wt % MgO, and 0Á5-1Á3 wt % FeO tot ). The plagioclase-hosted melt inclusions of sample Cer2B also have a rhyolitic composition. Again, the Cu contents in melt inclusions are highly variable (40-3900 ppm) without any correlation with other element concentrations, which is indicative of post-entrapment modification. 
Composition of sulfide inclusions
Magmatic sulfide inclusions preserved within host minerals exsolved several mineral phases upon cooling. To constrain the bulk composition of the sulfide inclusions at the time of their entrapment, entire, unexposed sulfide inclusions were drilled out of the host mineral (i.e. hornblende, clinopyroxene, and plagioclase) and the resulting signals were integrated (Fig. 5b) . The results are tabulated in Table 3 and Supplementary Data Table  S3 . Most sulfide inclusions are dominated by pyrrhotite (FeS) and contain 20 vol. % chalcopyrite 6 pyrite 6 magnetite (Fig. 4b, c, e and g ). Copper contents determined by LA-ICP-MS are mostly between 1 and 7 wt % Cu. These inclusions appear to have been trapped in the form of monosulfide solid solution (MSS; see Fig. 7 ; Kullerud et al., 1969) . In contrast, five sulfide inclusions found in samples SR67 and Cer28 are much more Curich and consist of bornite plus lesser amounts of chalcopyrite, with bulk Cu contents of 32-37 wt % (Fig. 4f) . Their compositions plot in the field of sulfide liquid (SL) in the Cu-Fe-S phase diagram at 1000 C (Fig. 7a) , and between the field of intermediate solid solution (ISS; also called chalcopyrite solid solution) and SL in the same diagram at 900 C ( Fig. 7b ; Kullerud et al., 1969) . Importantly, these Cu-rich sulfide inclusions coexist with MSS-type sulfide inclusions in both sample SR67 and sample Cer28. According to Fig. 7a , SL coexisting with MSS at 1000 C should have a composition somewhere along the right border of the SL field, whereas at 900 C (Fig. 7b ) the two data points plotting on the border of the SL field could coexist only with ISS but not with MSS according to the drawn tie lines. Therefore, the Cu-rich inclusions were most probably trapped as ISS, which also fits with the SL-ISS-MSS trace element partition coefficients determined by Liu & Brenan (2015) at the reconstructed temperatures for these samples.
Bismuth is especially useful for this purpose, as it is $25 times enriched in ISS relative to MSS, but $360 times enriched in SL relative to MSS. The observed Bi partition coefficients of 133 6 115 in sample SR67 and 38 6 35 in sample Cer28 fit better with ISS than with SL (Supplementary Data Table S5 ).
The ISS inclusions in sample SR67 contain distinctly higher concentrations of Cu (33-37 wt %) and Zn, Se, Pd, Ag, Te, Au, Tl, Pb, and Bi than coexisting MSS inclusions in the same sample. The other samples from Santa Rita contain only MSS inclusions. MSS inclusions consist dominantly of FeS, with Cu, Co and Ni contents in the range of 1Á0-7Á4 wt %, 0Á1-0Á2 wt %, and 0Á1-1Á7 wt %, respectively. The Cu content of MSS inclusions is rather constant in individual hornblende-rich samples and gradually decreases from sample SR67 (5Á5-7Á4 wt %) over sample SR23 (4Á5-6Á0 wt %) and sample SR34 (1Á6-2Á3 wt %) to sample SR36 (1Á0-1Á2 wt %; apatite-hosted only). The trace element content of MSS inclusions is as follows: <3-580 ppm Mn, 19-690 ppm Zn, <0Á5-11 ppm As, <29-94 ppm Se, <1-23 ppm Mo, 0Á8-8Á7 ppm Pd, <1-15 ppm Ag, 2Á4-20 ppm Te, 0Á1-0Á9 ppm Au, 1Á0-48 ppm Pb, and <0Á1-4Á7 ppm Bi. Sulfide inclusions in the porphyritic hornblende diorite host rock of the xenoliths and in other porphyry dikes at Santa Rita were described by Audé tat & Pettke (2006) , and further analyses have been performed since then (Supplementary  Data Table S3 ). They cover a similar compositional range to the sulfide inclusions in the xenoliths, with rare, very Cu-rich inclusions (39-48 wt % Cu) occurring in clinopyroxene of the second most mafic sample (basaltic andesite sample SR26), and abundant, MSS-type inclusions (1Á2-4Á4 wt % Cu) occurring in hornblende diorite porphyries (samples SR25, SR27, and SR39). The compositions of the very Cu-rich inclusions in sample SR26, which according to Audé tat & Pettke (2006) formed at 1020-1070 C, plot in the field of sulfide liquid in the Cu-Fe-S diagram at 1000 C (Fig. 7a ), hence they were probably trapped in the form of sulfide liquid.
Sulfide inclusions in the samples from Cerrillos were trapped mostly in the form of MSS, with additional ISS inclusions present in sample Cer28. As at Santa Rita, ISS inclusions in sample Cer28 contain distinctly higher concentrations of Cu (33-37 wt %) and Zn, Pd, Ag, Te, Au, Pb, and Bi than coexisting MSS inclusions. The compositions of MSS inclusions in the other samples are very similar to those at Santa Rita, but the MSS inclusions in sample Cer28 contain distinctively higher contents of Ni (1Á4-2Á2 wt %), Mo (56-130 ppm), and Bi (8Á8-26 ppm). The Cu content of MSS inclusions in the hornblende cumulate sample Cer22 (6Á7-7Á8 wt % Cu) is higher than those in the other samples (1Á0-3Á2 wt % Cu).
Metal partitioning between magmatic sulfides and silicate melts
Sulfide-silicate melt partition coefficients (D X sulfide/SM ) are important to constrain the geochemical behavior of chalcophile and siderophile elements (e.g. Cu and Au) in sulfide-saturated magmatic systems, as many of these elements strongly partition into sulfide phases relative to the silicate melt (Li & Audé tat, 2015) . The occurrence of contemporaneous melt inclusions and sulfide inclusions (SL and MSS) in some of our samples allows sulfide-melt partition coefficients to be calculated and be compared with values predicted by the experiment-based, empirical equations of Li & Audé tat (2015) , which take into account the effects of temperature, oxygen fugacity and FeO tot content of the silicate melt. The measured D SL/SM and D MSS/SM partition coefficients agree within one log unit for all elements except for Bi in the case of SR26 ( Fig. 8 ; Supplementary Data Table S5 ). The partition coefficients listed in Supplementary Data Table S5 suggest that the SL may contain most of the Au and Ag present in the magmas, whereas Cu partitions more or less equally between SL and MSS. Although partition coefficients between ISS and silicate melt could not be directly constrained, the D ISS/MSS partition coefficients of samples SR67 and Cer28 suggest that ISS tends to have a strong affinity for Au, Cu, Ag, and Bi, but no or only a weak affinity for Zn, Mn, and Mo (Supplementary Data Table S5 ). This is in agreement with experimental partitioning data for Bi and Ag reported by Liu & Brenan (2015) . The large variation of sulfide-silicate melt partition coefficients suggests that many metals can become fractionated from one another during the evolution of sulfide-saturated magmas, such as Cu versus Au in porphyry systems (e.g. Richards, 2009 Richards, , 2011 Li & Audé tat, 2013 , 2015 .
Thermobarometry
The results of the thermobarometric calculations are summarized in Table 1 , whereas the corresponding compositional data are provided in Table 2, Table 4 and  Supplementary Data Tables S2 and S4 . The listed ranges of calculated temperatures, pressures and oxygen fugacities in Table 1 reflect solely the analytical scatter; potential analytical errors (as discussed above) and intrinsic errors associated with the original calibrations are not included in these ranges.
Santa Rita
Both phlogopite and melt inclusions have been analyzed in sample SR58. The little-evolved composition of the apatite-hosted melt inclusions, and the common occurrence of apatite inclusions in phlogopite and clinopyroxene, suggest that the phlogopite probably was in equilibrium with the melt present in the melt inclusions. Ti-in-phlogopite thermometry (which also requires knowledge of the Ti content of the coexisting liquid) yielded crystallization temperatures of 1000-1100 C for the clinopyroxene-phlogopite assemblage of sample SR58 (Righter & Carmichael, 1996) . Righter & Carmichael (1996) also proposed a barometer based on the partitioning of Ba between phlogopite and melt. However, the results cover a wide range of pressures (2Á2-12Á6 kbar), which we believe to be an artefact of parameters that were not considered in the calibration of this barometer. The two least-evolved and thus potentially primary melt inclusions hosted in clinopyroxene in sample SR60 returned crystallization conditions of $1100 C and 3Á4-5Á4 kbar for the olivineclinopyroxene-phlogopite assemblage based on clinopyroxene-liquid thermobarometry (Putirka et al., 2003) . The same method applied to the clinopyroxenehosted melt inclusions of sample SR36 returned temperatures of 950-1000 C and pressures of 0Á2-1Á9 kbar. The hornblende-only thermometer described by equation (5) of Putirka (2016) was applied to all samples. In five samples for which information on the composition of the coexisting silicate melts was available [i.e. SR60, SR23, SR34, SR67, and SR36; using melt inclusions that passed the Fe-Mg exchange equilibrium test provided by Putirka (2016)], we additionally applied the hornblende-liquid thermometer described by equation (7b) of Putirka (2016) . The two thermometers yielded temperatures that agree within 630 C in all cases. For this reason, the hornblende-liquid temperatures were not specifically listed in Table 1 . The temperatures derived by hornblende-only thermometry from five reaction-replacement hornblendites (890-990 C), two hornblende megacrysts (930-940 C) and one hornblende cumulate (910-960 C) are all fairly similar, whereas the single hornblende gabbro sample returned slightly lower temperatures (870-880 C). The hornblende crystals that formed at the rim of the clinopyroxene-rich cumulate SR60 owing to reaction with the host magma returned temperatures of 860-910 C. Hornblende-liquid thermobarometry based on equation (7b) of Putirka (2016) returned relatively constant pressures of 2Á4-6Á3 kbar for the reactionreplacement hornblendites and hornblende cumulate. One magnetite-ilmenite pair from sample SR23, which passed the Mg/Mn partitioning test for equilibrium, returned an oxygen fugacity of 1Á9 log units above the fayalite-magnetite-quartz buffer (DFMQ þ 1Á9).
Cerrillos
Hornblende-only temperatures obtained from the samples from Cerrillos are similar to those obtained from Santa Rita, with most values falling between 850 and 950 C (Table 1) . No clear trend is evident except that all four hornblende megacrysts returned relatively high temperatures of 900-940 C. Hornblende-liquid thermobarometry was applied for samples Cer2B and Cer27 and returned pressures of 2Á4-5Á5 kbar and 4Á6-7Á8 kbar, respectively. Three magnetite-ilmenite pairs that were mostly free of exsolution features fulfilled the Mg/Mn partitioning of Bacon & Hirschmann (1988) and returned oxygen fugacities of DFMQ þ 2Á0 to DFMQ þ 2Á6. These relatively high oxygen fugacities fit with the presence of magmatic anhydrite and lie within the fO 2 range in which magmatic sulfides and anhydrite commonly coexist (Parat et al., 2011) .
DISCUSSION
Petrogenesis of the clinopyroxene-and hornblende-rich xenoliths
The thermobarometric results suggest that the xenoliths from both locations formed at a pressure of $4 6 1 kbar (translating into a depth of 14 6 4 km based on an average crustal rock density of 2Á85 g cm -3
), with temperatures generally decreasing from clinopyroxene cumulates (1000-1100 C), over reaction-replacement hornblendites (920-1000 C) to hornblende 6 plagioclase cumulates (830-950 C) and hornblende gabbros (850-910 C) ( Table 1 ). The cumulate origin of the clinopyroxene cumulates and the hornblende 6 plagioclase cumulates is supported by their simple, granular texture.
For the reaction-replacement hornblendites, the petrographic evidence for replacement of precursor clinopyroxene, olivine and/or phlogopite by hornblende suggests that at least some of the hornblende formed via a reaction-replacement process (Smith, 2014) . This reaction-replacement process could principally have been triggered by two contrasting mechanisms. One possibility is that an existing clinopyroxene 6 olivine 6 phlogopite cumulate was invaded by later, genetically unrelated melts. Many researchers have proposed such a process to explain the replacement texture in their samples (e.g. Costa et al., 2002; Coltorti et al., 2004; Cooper et al., 2016) . The other possibility is that residual melts reacted with early crystallized clinopyroxene 6 olivine 6 phlogopite assemblages to form hornblenderich assemblages during cooling of magmas in a crystal mush environment. This scenario is supported by melting and crystallization experiments for hydrous basaltic to andesitic magmas ( Fig. 9 ; Holloway & Burnham, 1972; Helz, 1973 Helz, , 1976 Foden & Green, 1992; Melekhova et al. 2015) . Based on the following reasoning we consider the reaction-replacement hornblendites investigated in this study to have formed via the second mechanism. Experimental studies suggest that the transformation of a clinopyroxene-rich assemblage into a hornblende-rich assemblage consumes a large quantity of melt (at least two times the weight of the clinopyroxene-rich assemblage; Holloway & Burnham, 1972; Foden & Green, 1992) , which means that the total volume of minerals strongly increases. This leads to a major space problem in the case of the first mechanism (replacement of an already existing cumulate), as the volume of a clinopyroxene-dominated cumulate would have to nearly double during this process. Consequently, the first mechanism is unlikely to go to completion (i.e. to result in a nearly pure hornblendite lithology) except in areas immediately adjacent to open-space melt conduits like the hornblende-rimmed vein in Fig. 3e . We thus believe that most of our reaction-replacement hornblendites formed by means of the second mechanism (reaction-replacement in a crystal mush environment).
The following petrographic evidence indicates that the hornblende gabbros formed in a different way than the reaction-replacement hornblendites: (1) these xenoliths are texturally heterogeneous (e.g . Fig. 3h) ; (2) they show no petrographic evidence of the occurrence of reaction-replacement processes; (3) pyrrhotite blades in sample Cer27 cut across neighboring hornblende, plagioclase, apatite, and magnetite crystals, which suggests that all these minerals grew in situ ( Supplementary  Data Fig. S2c ). Texturally similar looking hornblende gabbro lithologies in exposed middle to upper crustal magma chambers have been interpreted to have crystallized rapidly in situ owing to decompression and volatile loss of water-saturated melts (Murphy et al., 2012; McCarthy et al., 2016) . The rhyolitic composition of plagioclase-hosted melt inclusions in sample Cer27 suggests that these melts were rather evolved.
The systematically increasing SiO 2 content of melt inclusions analyzed from the clinopyroxene cumulates, reaction-replacement hornblendites and the hornblende cumulate from Santa Rita suggests that these rocks broadly formed via a process of fractional crystallization, even if the reaction-replacement hornblendites show evidence for intermittent periods of equilibrium crystallization. Early saturation in phlogopite is consistent with phase equilibria experiments conducted by Irving & Green (2008) on compositionally similar mafic melts, with the only difference that our magmas contained even more K 2 O. The starting material for the experiments of Irving & Green (2008) contained 2Á0 wt % K 2 O, whereas the mafic melt inclusions (47-53 wt % SiO 2 ) of sample SR58 contain on the order of 6 wt % K 2 O. As the stability of phlogopite depends strongly on the potassium content of the magma, phlogopite crystallization in our magmas probably started earlier than in the phase diagram of Irving & Green (2008) and may even have been the liquidus phase (6 spinel) as in the experiments of Esperanc¸a & Holloway (1987) . Olivine and clinopyroxene probably were the next minerals to crystallize. At roughly 1000 C hornblende started to crystallize. Importantly, in equilibrium crystallization experiments both clinopyroxene and olivine become unstable in the presence of hornblende at $950-1000 C ( Fig. 9a and b ; Holloway & Burnham, 1972; Helz, 1973 Helz, , 1976 Foden & Green, 1992; Melekhova et al. 2015) . The onset of plagioclase crystallization depends heavily on magma water content and crystallization pressure (Irving & Green, 2008; Loucks, 2014) . The relatively late formation of plagioclase in our samples indicates a relatively high crystallization pressure and/or high H 2 O content of the magmas.
Evolution of sulfur in the magmas
Sulfur solubility in silicate melts is a function of melt composition (e.g. FeO tot , CaO contents), oxygen fugacity, temperature, and pressure (Baker & Moretti, 2011) . Depending on the oxidation state of magmas, sulfur dissolves in silicate melts either as S 2-or S 6þ (Wallace & Carmichael, 1994) . The maximum amount of sulfur that can be dissolved in silicate melts sharply increases as the dominant oxidation state of sulfur changes from S 2-to S 6þ . This change occurs at log fO 2 $ FMQ þ 1Á0 in mafic silicate melts (Jugo et al., 2010) . However, magmas can contain sulfides also at log fO 2 above FMQ þ 1Á0, or anhydrite below this threshold, depending on the relative activities of FeO, CaO, NiO, and CuO in the silicate melt. A magma that contains significant amounts of dissolved reduced sulfur can reach sulfide saturation by the following mechanisms (Naldrett, 1989; Jugo et al., 2010) : (1) decreasing melt FeO content; (2) increasing S content in the melt; (3) decreasing temperature; or (4) decreasing fO 2 .
The clinopyroxene cumulates from Santa Rita and Cerrillos do not contain any sulfides, hence the mafic magmas (47-53 wt % SiO 2 ) appear to have been sulfideundersaturated. In contrast, all the other, more evolved rock types contain abundant magmatic sulfide phases 6 anhydrite, even though the oxygen fugacity of the magmas was relatively high (DFMQ þ 1Á9 to DFMQ þ 2Á6). Therefore, the magmas must have reached sulfide saturation during differentiation and hornblende crystallization. Sulfide precipitation was probably triggered by the decreasing temperature and melt FeO content of the differentiating magmas, as well as the increasing sulfur content of the residual melt before sulfur saturation was reached. Magnetite-ilmenite oxybarometry suggests that the oxygen fugacity at Santa Rita (DFMQ þ 1Á9) was slightly lower than that at Cerrillos (DFMQ þ 2Á0 to DFMQ þ 2Á6), which fits with the common presence of anhydrite inclusions in the samples from Cerrillos but their absence in the samples from Santa Rita.
Evolution of copper in the magmas
Constraints from variously evolved porphyry dikes at Santa Rita
The evolution of copper in the magma system at Santa Rita is well constrained by petrographic and geochemical data obtained from mafic to felsic porphyry dikes by Audé tat & Pettke (2006) and additional data acquired during this study (Supplementary Data Table S2 ). The most mafic magmas contain phenocrysts of olivine, clinopyroxene and magnetite, plus minor apatite, and crystallized at 1000-1050 C, 1-3 kbar and fO 2 conditions 1Á4-1Á7 log units above the FMQ buffer. Rhyodacitic magmas contain phenocrysts of plagioclase, hornblende, quartz, potassium feldspar, biotite and anhydrite, plus minor amounts of titanite, magnetite, ilmenite and apatite, and crystallized at 730-760 C and 2Á0-2Á6 log units above the FMQ buffer. Intermediate quartz monzodiorite and hornblende-diorite magmas contain phenocryst assemblages of both the mafic and felsic endmembers and show abundant petrographic and geochemical evidence for magma mixing. Melt inclusion compositions analyzed from all types of magmas range from phonotephrite, through basaltic trachyandesite, tephriphonolite, trachyandesite and trachydacite to rhyolite (Fig. 6a, c, e and g ).
Magmatic sulfides (preserved only as inclusions in phenocrysts) are absent in the most mafic magma (sample SR31, which was collected relatively recently), rare in the slightly more evolved sample SR26, abundant in the intermediate magmas (samples 22, 25, 27) , and rare again in the rhyodacite (samples SR8, 9, 15, 20, 21) . Their composition changes from Cu-rich sulfide liquids (39-48 wt % Cu) in the basaltic (trachy-)andesite sample SR26 to Cu-bearing MSS (1Á1-4Á4 wt % Cu) in the intermediate magmas, whereas in the rhyodacite both MSS (0Á1-2Á8 wt % Cu) and ISS (24 wt % Cu) are present (Fig. 10a) . Thus, it appears that the most mafic melts were sulfide-undersaturated, followed by exsolution of rare Cu-rich SL and then the formation of abundant Cu-bearing MSS owing to magma mixing. This evolution is also reflected in the Cu content of the silicate melt inclusions (Fig. 10b) : Cu concentrations in the sulfide-undersaturated melts (45-52 wt % SiO 2 ) were relatively high (250-350 ppm Cu), but then rapidly dropped to less than 100 ppm Cu in the range 52-60 wt % SiO 2 once sulfide saturation was reached. The two very high Cu values measured in melt inclusions of sample SR26 are probably due to minor amounts of cotrapped Cu-rich sulfide liquid.
Constraints from clinopyroxene-and hornblenderich xenoliths
Cu concentrations in melt inclusions from the clinopyroxene-and hornblende-rich xenoliths of Santa Rita and Cerrillos are highly variable and do not show any systematic trends with mineralogy or melt SiO 2 contents, suggesting post-entrapment modification of their Cu contents (Zhang & Audé tat, 2016) . As was mentioned above, the mafic melts that crystallized the clinopyroxene cumulates appear to have been sulfideundersaturated, whereas the more evolved melts were clearly sulfide-saturated and precipitated abundant sulfides 6 anhydrite during the formation of the reaction-replacement hornblendites, the hornblende 6 plagioclase cumulates, the hornblende gabbros and the hornblende megacrysts. Therefore, in these samples the Cu content of the silicate melts and of the sulfides should have also decreased with increasing magma differentiation. Indeed, the little-evolved reaction-replacement hornblendite samples SR67 and SR23 from Santa Rita contain both sulfide liquid (35 wt % Cu) and Cu-rich MSS (7 wt % Cu), or solely relatively Cu-rich MSS (5 wt % Cu), whereas the more evolved reaction-replacement hornblendite sample SR34 and the hornblende cumulate sample SR36 contain solely MSS with low Cu contents of 1-2 wt % (Fig. 10a) . Moreover, samples SR23 and SR34 contain much higher sulfide abundances than sample SR36. These facts imply a rapid decrease in the Cu content of the melts as they evolved from $53 to 65 wt % SiO 2 , similar to what is recorded in the porphyry dikes (Fig. 10b) . The decreasing Cu content of the MSS cannot be due to a change in the sulfide-melt partitioning coefficient, because D Cu MSS/silicate melt actually increases during magma differentiation (Zajacz et al., 2013; Li & Audé tat, 2015) . At Cerrillos, the contrasting Cu contents of the MSS in sample Cer22 (7-8 wt % Cu) versus samples Cer21, Cer23, Cer25, Cer29 and Cer31 (1-2 wt % Cu) suggest a similar evolution, although in this case the sulfide compositions cannot be linked to melt SiO 2 contents.
Quantitative modeling
Quantitative models for the behavior of Cu (and S) during fractional versus equilibrium crystallization of the magmas that formed the clinopyroxene cumulates, reaction-replacement hornblendites, and hornblende cumulates were developed and will be discussed based on the evidence from Santa Rita. The following input parameters are required for such models: (1) the relationship between the degree of crystallization and the SiO 2 content in the silicate melt; (2) the degree of crystallization or SiO 2 content in the silicate melt at the point when sulfide saturation was reached; (3) the average sulfur content of the precipitating sulfides; (4) the evolution of sulfur in the silicate melt; (5) the starting Cu content of the silicate melt; (6) the partition coefficient of Cu between sulfides and silicate melt (D Cu sulfide/melt ); (7) the bulk partition coefficient of Cu between silicate melt and all other crystallizing minerals (D Cu bulk minerals/melt ). These parameters were constrained as follows.
The relationship between the crystallization degree
and SiO 2 content of a starting basaltic melt ($49 wt % SiO 2 ) was originally adopted from equilibrium crystallization experiments that showed evidence of reaction-replacement of early crystallized olivine and clinopyroxene by hornblende, as in the hornblendites investigated in this study (Holloway & Burnham, 1972; Helz, 1976; Foden & Green, 1992; Melekhova et al., 2015) . We then noticed that the trend of SiO 2 versus degree of crystallization in the case of fractional crystallization looks exactly the same as in the case of equilibrium crystallization ( Fig. 9c ; Nandedkar et al., 2014) . Therefore, the same fitting equation can be used for both fractional and equilibrium crystallization. 2. Sulfide saturation was assumed to have been reached at 55 wt % SiO 2 in the silicate melt, which corresponds to a crystallization degree of $44 wt %. This value is equal to the average melt inclusion SiO 2 content in the basaltic andesite porphyry sample SR26 that contains the very Cu-rich sulfide liquid inclusions, and is consistent with the SiO 2 content of melt inclusions from sulfide-undersaturated clinopyroxene cumulates and sulfide-saturated hornblende-rich xenoliths. 3. The S content of the sulfides was set to 36 wt % S, based on the average of our analytical data and the phase relations in the Cu-Fe-S system ( Fig. 7 ; Supplementary Data Table S3 ). 4. The evolution of sulfur in the silicate melt was reconstructed as follows. At relatively oxidized conditions, as in our case, estimates of the sulfur content at sulfide saturation (SCSS) need to account for the enhanced capacity of melts to dissolve S when sulfate species are present (Jugo, 2009; Jugo et al., 2010) . According to Jugo (2009) ] represents the sulfur solubility when only S 2-is present. We calculated the latter value as a function of magma crystallinity using the equation of Fortin et al. (2015) , which requires melt composition (including H 2 O content), temperature and pressure as input parameters. The relationship between magma crystallinity, temperature and melt H 2 O content was established based on the experimental studies cited in (1), the relationship between melt SiO 2 content and the abundance of other major to minor melt components was based on the compositional trends shown in Fig. 6a , c, e and g and the data in Supplementary Data Table S2 , and pressure was set to 5 kbar based on the thermobarometric results discussed above. However, the S 6þ /RS ratio is difficult to estimate independently because in the transition region of S 2-to S 6þ it is extremely sensitive to oxygen fugacity (Jugo et al., 2010) , and because it also seems to depend on pressure (Matjuschkin et al., 2016) . Alternatively, it could be constrained from the amount of sulfur in the starting basaltic melt and the point at which sulfur saturation was reached, provided that the S 6þ /RS ratio stayed constant during magma evolution (Fig. 11a) . However, we only know the point at which sulfide saturation was reached (at $44 wt % crystallization), which can be obtained by several combinations of S 6þ /RS and initial sulfur content (Fig. 11a) . We thus need a way to constrain the initial sulfur content. As sulfur occurs solely in the form of sulfides in the reaction-replacement hornblendites at Santa Rita, a minimum sulfur content in the starting melt can be estimated from the amount of sulfides and the range of magma crystallinities recorded in these samples (Fig. 11b) . The idea is to calculate the amount of sulfides present in the cumulates as a function of the initial sulfur content of the melt and see which minimum sulfur content is necessary to reach the observed sulfide content of 0Á82 6 0Á14 wt % and 0Á77 6 0Á10 wt % in SR23 and SR34, respectively. Sample SR23 contains melt inclusions that span a SiO 2 range of $53-63 wt %, which translates into a magma crystallinity range of $36-67 wt %. This crystallinity range represents a minimum estimate because the analyzed melt inclusions may not record the entire evolution of these samples. For this amount of crystallization at least 1500 ppm S are necessary in the initial melt (i.e. a melt with $49 wt % SiO 2 ) to reach a total of 0Á8 wt % sulfides in the cumulate once the residual melt reaches a SiO 2 content of 63 wt %. If the formation of the cumulate involved a larger crystallization range, then a higher initial sulfur content would be necessary. If samples SR23 and SR34 represent the fully crystallized product of a basaltic melt (i.e. crystallization started at 49 wt % SiO 2 ), $3000 ppm sulfur would be required in the initial melt. The evolution of Cu in sulfides and silicate melt were modeled with 1500 ppm S in the starting melt and the corresponding S 6þ /RS ¼ 0Á723 (Fig. 11a) . 5. The concentration of Cu in the silicate melt at $52 wt % SiO 2 was set to a value of 300 ppm, which is the average value in the melt inclusions analyzed from the sulfide-undersaturated mafic sample SR31 ( Fig. 10b ; Supplementary Data Table S2 ). 6. The partition coefficient of Cu between sulfides and silicate melt was set to D Cu sulfide/melt ¼ 1300. This value corresponds to the average of measured and predicted D values in both the porphyry dikes and the xenoliths at Santa Rita ( Fig. 8 Table S6 ).
With these input parameters, the evolution of Cu in the silicate melt and in the precipitating sulfides was modeled for both the case of equilibrium crystallization and the case of fractional crystallization in terms of sulfide-melt interaction.
The fractional crystallization model predicts that the first precipitating sulfides are extremely Cu rich ($49 wt % Cu), whereas after 10 wt % further crystallization (at $58 wt % SiO 2 in the silicate melt) the Cu content of the sulfides had already decreased to $1 wt % (Fig. 12a) . In the equilibrium crystallization model, in which the sulfides were allowed to constantly re-equilibrate with the residual silicate melt, the first precipitating sulfides are equally rich in Cu, but it is impossible to reach Cu contents of <5 wt % in the sulfides, even at very high degrees of crystallization. The observed Cu contents of the sulfides at Santa Rita decreased from $48 wt % Cu at $45 wt % crystallinity to $1 wt % Cu at $70 wt % crystallinity (Fig. 12a) , which suggests that in reality a mix between fractional crystallization and equilibrium crystallization was followed, in agreement with the petrographic evidence discussed above.
The Cu content of the silicate melt in both the fractional crystallization and the equilibrium crystallization model increases from 300 ppm to $375 ppm at the point of reaching sulfide saturation, and then decreases rapidly within 10 wt % further crystallization that corresponds to a narrow SiO 2 interval of 55-58 wt % (Fig. 12b) . The dramatic Cu depletion is caused by the precipitation of very Cu-rich sulfides immediately after reaching sulfide saturation. This trend is in agreement with the observed Cu contents of melt inclusions in the sulfide-undersaturated basaltic andesite and the sulfide-saturated hornblende diorite at Santa Rita (blue squares and red dots in Fig. 12b ), whereas those of the 6sulfide-saturated basaltic andesite sample SR26 (pale yellow diamonds in Fig. 12b ) are more scattered. As was the case for the sulfides, the observed Cu content of silicate melts at !65 wt % crystallization lies between the modeled trends for equilibrium and fractional crystallization, suggesting a combination of both processes. In summary, the modeling results suggest that !80% of the Cu present in the original magma segregated into sulfides and became stored in hornblende-rich rocks as the SiO 2 content of the silicate melt evolved from 55 to 60 wt %. Using higher input sulfur contents or changing other input parameters within geologically realistic conditions does not alter the conclusion that the vast majority of Cu is precipitated at the transition from mafic to intermediate melt compositions. (See text for further information.) (b) Modeled sulfide abundance in cumulates as a function of the starting sulfur concentration in the silicate melt and the degree of magma crystallization. Based on melt inclusion SiO 2 contents of 53-63 wt % in sample SR23, the onset of crystal precipitation was set at 36% crystallinity. Accumulated totals of sulfides in the cumulate are shown for three sulfide concentrations in the initial melt. The best match with the observed sulfide abundance of 0Á8 wt % at a melt SiO 2 content of 63 wt % is obtained with an initial sulfur content of 1500 ppm. Also shown for the case of an initial sulfur content of 1500 ppm is the instantaneously precipitating sulfide abundance at each step, and the accumulated total sulfide abundance if the onset of crystal precipitation is assumed at 0 wt % crystallinity. Fig. 12 . Quantitative fractional vs equilibrium crystallization models for the evolution of Cu in the precipitating sulfides and in the silicate melt. (a) Evolution of Cu in the sulfides. In the case of fractional crystallization, the Cu content decreases dramatically to less than 1 wt % at $58 wt % SiO 2 , whereas in the case of equilibrium crystallization the Cu contents never fall below <5 wt %. The measured Cu contents of sulfides in hornblende-rich xenoliths and porphyry dikes at Santa Rita plot between the fractional and the equilibrium crystallization curves. Data points connected by dashed lines represent coexisting ISS and MSS in the same samples. (b) Evolution of Cu in the silicate melt. During both fractional and equilibrium crystallization, the Cu concentration in the silicate melt decreases rapidly once sulfide saturation is reached, although in the case of fractional crystallization the decrease is sharper and lower final values are attained. The Cu contents of melt inclusions hosted in phenocrysts of variously evolved porphyry dikes at Santa Rita are shown for comparison.
Implications for the mineralization potential of arc magmas
The sulfides in the hornblende-rich xenoliths investigated in this study were probably locked away, as petrographic evidence suggests that the non-shielded sulfides decomposed after entrainment of the xenoliths in the host magmas. The amount of sulfides present in the hornblende-rich rocks should provide a good estimate of the total amount of sulfides present in the magma because the reaction-replacement hornblendites formed in a crystal mush environment (see above), and because the reconstructed S concentrations of 1500-3000 ppm in the parental magmas are within the typical range of primitive arc magmas. Therefore, the formation of hornblende-rich rocks at depth should principally have a negative influence on the mineralization potential of the residual magmas (>55-60 wt % SiO 2 ), even if oxygen fugacities are high (DFMQ þ 1Á9 to DFMQ þ 2Á6). This may be even more true for hornblende-rich rocks that crystallize at greater depth, because the magmas may become sulfidesaturated at even earlier stages owing to the effect of pressure on sulfur speciation (Matjuschkin et al., 2016) . On the other hand, it is just that same process (fractionation of hornblende 6 garnet at depth) that seems to be responsible for the high Sr/Y ratios in fertile arc magmas compared with barren ones (Loucks, 2014) . It is noteworthy that the distinctive high Sr/Y ratios in fertile systems are observed only in relatively evolved magmas (>60 wt % SiO 2 ; Loucks, 2014) , and that the observed volumes of these magmas are usually too small to account for all the metals and sulfur present in the deposits, requiring the existence of a larger magma chamber at depth (e.g. Sillitoe, 2010) . Therefore, there are two potential explanations for this discrepancy: (1) fertile magma chambers also involve (and critically depend on) mafic magmas with normal Sr/Y ratios, or (2) the mineralization potential of a magma system does not depend on the Cu content of the magmas but rather on other factors such as sulfur content, water content, or simply the size of the upper crustal magma chamber.
In the first scenario, rapid ascent of mafic magma batches through the lower and middle crust without significant crystallization and fractionation under way would help to bring metals and sulfur to upper crustal levels. At Santa Rita, this hypothesis is supported by petrographic evidence for extensive mixing between mafic and felsic magmas in the ore-related quartz monzodiorite porphyry (Audé tat et al., 2004; Audé tat & Pettke, 2006) , and by the occurrence of a mafic ($50 wt 
% SiO 2 ), sulfide-undersaturated, and-based on melt inclusion compositions-Cu-rich dike in the North Star Basin. Although mafic magmas that intrude into upper crustal magma chambers subsequently attain sulfide saturation owing to crystallization and/or mixing with felsic magmas, the sulfides precipitated at this stage should not have a negative influence on the mineralization potential because they are destroyed again at latemagmatic stages (Keith et al., 1997; Halter et al., 2005; Audé tat & Pettke, 2006) . Evidence for magmatic sulfides acting only as a temporary storage medium for Cu and other ore-forming elements in an upper crustal magma chamber is provided by the matching metal ratios in magmatic sulfides, pre-mineralization fluid inclusions, volcanic gases, and/or bulk ores (Halter et al., 2002; Stavast et al., 2006; Nadeau et al., 2010; Zhang & Audé tat, 2017) . Considering that most arc-related magmas have oxidation states and sulfur contents similar to Santa Rita (Wallace & Edmonds, 2011; Evans et al., 2012) , transfer of Cu and S by mafic magmas into upper crustal magma chambers may be very favorable to the formation of porphyry Cu deposits in general. Several studies have proposed that injections of mafic alkaline magmas into the evolving magma system at Bingham Canyon have given rise to the unusually large size of this porphyry Cu-Mo-Au deposit (Keith et al., 1997; Hattori & Keith, 2001; Maughan et al., 2002; Grondahl & Zajacz, 2017; Zhang & Audé tat, 2017) . Based on a compilation of felsic-to-mafic magma mixing ratios, Zhang & Audé tat (2017) concluded that the mineralizing latite magmas at Bingham Canyon contained 50-90 ppm Cu, mostly inherited from the mafic endmember. Similarly, Halter et al. (2005) suggested that most of the Cu at the Alumbrera porphyry Cu-Au deposit was provided by mafic magmas. An important role for mafic magmas has been proposed also for three of the world's largest Cu-Mo deposits (i.e. Los Pelambres, Rio Blanco-Los Bronces and El Teniente; Stern & Skewes, 2005) , as well as Mount Pinatubo (Hattori & Keith, 2001) , Grasberg (Pollard et al., 2005) and Ok Tedi (Van Dongen et al., 2010) . On the other hand, there also exist porphyry Cumineralized magma systems that show no or little evidence for involvement of mafic magmas, such as Yerington (Dilles, 1987) and Highland Valley (McMillan, 2005) .
Alternatively, it may be also feasible that the mineralization potential of arc magmas does not critically depend on metal content, but rather on the above mentioned other factors. In this case, high Sr/Y magmas would retain their mineralization potential despite having experienced a stage of hornblende (plus probably sulfide) fractionation at depth. This line of reasoning has been followed by, for example, Cline & Bodnar (1991) and Chiaradia & Caricchi (2017) , who demonstrated numerically that andesitic to dacitic arc magmas containing only 20-50 ppm Cu could still form large porphyry Cu deposits if their volumes are large enough.
Partial melting of hornblendites in the lower crust
A number of porphyry Cu 6 Mo 6 Au deposits associated with arc-like magmas formed at times and at locations that are inconsistent with contemporaneous plate subduction, but are compatible with a post-subduction or collisional tectonic setting (e.g. Richards, 2009; Hou et al., 2015) . These deposits were proposed to have formed from hydrous magmas derived by partial melting of arc-metasomatized mantle lithosphere and/or hydrous lower crustal hornblendite lithologies (Richards, 2009; Shafiei et al., 2009; Hou et al., 2015) . The key to this model is that subduction-derived water, sulfur and metals stemming from an earlier subduction event are stored in hornblende-rich lithologies in the deep crust or within the mantle lithosphere (Davidson et al., 2007; Richards, 2011; Loucks, 2014) . Magmas derived by partial melting of such subduction-modified sources may share most of the geochemical characteristics of arc magmas, such as high volatile contents (e.g. H 2 O and Cl) and high oxidation states (Richards, 2011) . However, it remains unclear whether partial melting of hornblende-rich lithologies in the lower crust or lithospheric mantle can produce fertile magmas.
As is demonstrated by our samples and the quantitative modeling, hornblende-rich lithologies tend to be enriched in Cu and S compared with their parental magmas. This is consistent with the conclusion that large amounts of Cu are concentrated within or at the base of thick arc crust, based on statistical assessment of geochemical data for magmatic rocks from volcanic arcs worldwide (Chiaradia, 2014) . Thermal rebound in thickened orogenic crust or reheating by ingress of mafic melts into the lower crust during delamination of subcontinental mantle lithosphere or post-collisional rifting can all result in partial melting of lower crustal hornblendites (Richards, 2009; Hou et al., 2015) . Such a process probably produces large quantities of mafic melt because at 10 kbar hornblende 6 plagioclase break down via incongruent melting reactions nearly isothermally at $1000-1100 C to form $50% melt plus a crystalline assemblage of clinopyroxene 6 olivine 6 garnet (Holloway & Burnham, 1972; Foden & Green, 1992; Wolf & Wyllie, 1994) . Because the Fe 3þ /Fe tot of hornblende is higher than that of nominally anhydrous minerals (Luth et al., 1990; McGuire et al., 1991; Canil & O'Neill, 1996) , the partial melts should have a high oxygen fugacity and thus be able to dissolve significant amount of sulfur (Jugo, 2009 ). The latter is important because in reverse of the crystallization model discussed above, high Cu contents in the partial melts can be attained only if all sulfides become dissolved. Therefore, lower crustal hornblendites may indeed represent fertile sources for ore-forming magmas in postsubduction or collisional tectonic settings. Partial melting of hornblende-rich lithologies in the deep crust is also likely to occur during normal (i.e. not postsubduction or collisional) arc magmatism. However, the corresponding magmas are unlikely to contain more metal than the magmas that initially produced the hornblende-rich lithologies.
CONCLUSIONS
The xenoliths from Santa Rita and Cerrillos formed at a depth of $14 6 4 km ($4 6 1 kbar) at temperatures decreasing from clinopyroxene cumulates (1000-1100 C), through reaction-replacement hornblendites (920-1000 C), to hornblende 6 plagioclase cumulates (830-950 C). Although the reaction-replacement hornblendites formed by the reaction of residual liquids with early crystallized clinopyroxene 6 olivine 6 phlogopite assemblages, the overall succession from clinopyroxene cumulates to reaction-replacement hornblendites and finally hornblende 6 plagioclase cumulates and hornblende gabbros reflects a fractional crystallization trend.
The mafic melts ( 47-53 wt % SiO 2 ) that produced the clinopyroxene cumulates were still sulfideundersaturated, but more evolved melts (>53 to 65 wt % SiO 2 ) reached sulfur saturation during the formation of the reaction-replacement hornblendites and hornblende cumulates. The amount of sulfides in these latter lithologies reaches 0Á8 wt %. The common presence of anhydrite inclusions in the samples from Cerrillos, but absence of anhydrite in the samples from Santa Rita, is consistent with the higher oxygen fugacity at Cerrillos (DFMQ þ 2Á0 to DFMQ þ 2Á6) than that at Santa Rita (DFMQ þ 1Á9). The evolution of Cu in the silicate melts and in the precipitating sulfides at Santa Rita was simulated with quantitative fractional crystallization versus equilibrium crystallization models. The results can well explain the Cu evolution recorded in melt inclusions and sulfide inclusions of the hornblende-rich xenoliths and the variously evolved porphyry dikes at Santa Rita: the Cu content of both magmatic sulfides and silicate melts decreased dramatically within a narrow melt SiO 2 interval of 55-58 wt % once sulfide saturation was reached, and then declined more gradually to $1Á5 log units lower values. Our results suggest that the formation of hornblende-rich lithologies during the ascent of primitive arc magmas through the crust should have a negative influence on the mineralization potential of the residual liquids (!55-60 wt % SiO 2 ), even if the magmas are relatively oxidized (DFMQ þ 1Á9). Therefore, either fertile upper crustal magma chambers may be favored by rapid ascent of mafic magmas through the crust, or the mineralization potential does not primarily depend on the metal content, but rather on other factors. Our study confirms earlier hypotheses that lower crustal hornblendites represent a likely source region for fertile magmas in post-subduction or collisional tectonic settings, as they are enriched in metals (e.g. Cu and Au) and volatiles (i.e. H 2 O, Cl, and S), oxidized, and easily melted by reheating.
